The full length sequence of the Xenopus integrin cx5 subunit is reported. Analysis of cloned cDNA fragments reveals that alternative polyadenylation of o5 mRNA occurs in the embryo. Furthermore, a variant form of the CY~ mRNA is expressed which encodes an integrin 01~ subunit with a truncated cytoplasmic domain. Integrin cr5 mRNA and protein are expressed in oocytes, eggs and throughout development. Spatial expression of q mRNAs is first detected by whole mount in situ hybridization in presump tive neural crest cells and in the somitic mesodenn from the midgastrula stage onwards. In contrast, the 01~ protein is present on newly formed plasma membranes beginning at first cleavage. During neurulation, the integrin 01~ subunit disappears from the outer layer of the ectoderm, the notochord and the neural tube and accumulates in the sensorial layer of the ectoderm, the somites and the neural crest cells. These results provide evidence for the position specific regulation of a subunit expression in early vertebrate embryos.
Introduction
The functions of integrins extend far beyond a mechanical role for these receptors in connecting cells to the extracellular matrix. Integrins are crucial for processes by which cells organize the structure of the matrix. Events in which cells, in turn, adjust their activities according to the cues provided by the environment are also integrin mediated. In the embryo, this crosstalk between matrix and cells provides a driving force for developmental progression (Hynes and Lander, 1992; Adams and Watt, 1993; DeSimone, 1994a) . In the interplay of cells and matrix, the diversity of matrix components is met by a similar variety of integrins. The nature of the receptor as a heterodimer allows for this variety. More than 20 different integrins have been described to date. These are formed by combining one of the 15 known CY subunits with one of the eight known * Corresponding author. /3 subunits. The ligand specificity of a receptor depends on the combination of CY and B subunits (Hynes, 1992) .
In a given receptor, the (Y and the B subunits serve different functions, each contributing to ligand binding. The cytoplasmic domain of the /3 subunit interacts with the actin-based cytoskeleton via talin and cr-actinin (Turner and Burridge, 1991) while the cytoplasmic domain of the cx subunit is thought to modulate the receptor affinity for the specific ligands (O'Toole et al., 1994) . Binding of an extracellular ligand may initiate intracellular signal transduction events which influence cellular activities (Diamond and Springer, 1994) . The adhesive and signalling properties of these receptors suggest that they may play key roles in morphogenesis, induction events and cell differentiation. As a result, integrins recently have received considerable attention from embryologists (Adams and Watt, 1993; Lallier et al., 1994; DeSimone, 1994b) .
In the early amphibian embryo, the function of integrin 81 has been studied by various means. It is abundant on the cleavage membranes from the first division 0925-4773/95/SO9.50 0 1995 Elsevier Science Ireland Ltd. All rights reserved SSDI 0925-4773(94)00335-K onwards and persists in the embryo throughout development (Darribere et al., 1988; Gawantka et al., 1992) . Integrins associate with the fibrils of the libronectin network on the blastocoel roof of the early gastrula. Agents that interfere with the function of integrin fll (RGD peptide or anti 6, antibodies) inhibit the formation of libronectin librils and the directional migration of mesoderm cells on this substratum (Boucaut et al., 1984; Darrib&re et al., 1988 Darrib&re et al., , 1990 Winklbauer and Nagel, 1991) . It is anticipated that Pi integrins play an important role in neural crest migration and somite formation in the amphibian embryo (Krotoski and Bronner-Fraser, 1990 ), as it has been shown in the avian system (Bronner-Fraser, 1986; Drake et al., 1992) .
Less is known about the function of the integrin (Y subunits during amphibian embryogenesis. Integrins a3 and o5 are maternally deposited mRNAs, while transcripts encoding 02, o4 and (116 are first expressed during gastrulation (Whittaker and DeSimone, 1993) . The expression of integrin cr3 mRNA and protein is spatially restricted during development, with high levels observed in the notochord, the sensorial layer of the ectoderm and endoderm (Whittaker and DeSimone, 1993; Gawantka et al., 1994 ).
In the current study, we have extended our investigations on the integrin o5 subunit. This (Y subunit is only found in association with the 8, subunit and it is known to bind specifically to the RGD region of libronectin (Pytela et al., 1985) . The essential role of the ct@r fibronectin receptor in vertebrate embryogenesis has recently been deduced from studies of o5 deficient mouse embryos. These embryos had severe defects in mesodermal structures, suggesting a function for integrin 01~ in mesoderm positioning (Yang et al., 1993) . We now report the full length coding sequence of Xenapus integrin o5 mRNA. High concentrations of o5 encoding transcripts are detected in the paraxial mesoderm and the neural crest region from midgastrula stage onwards. Integrin o5 protein is present on all newly formed membranes during cleavage stages. After gastrulation, the o5 protein disappears from the neural tube, notochord and the outer layer of the ectoderm, whereas it accumulates at sites of high RNA synthesis.
Results

Structure and sequence of a Xenopus integrin (T~ subunit mRNA and detection of variants
The amino acid sequence motif GFFKR is common to most known integrin CY subunits. It is located within the cytoplasmic region adjacent to the transmembrane domain and is flanked by several other conserved amino acids (Hemler et al., 1992) . Two nested degenerate oligodeoxynucleotide primers were deduced from this sequence and synthesized. They were used sequentially and in combination with a X arm specific primer to amplify a 465-bp cDNA fragment encoding integrin cy5 from a hgtl0 Xenopus neurula-stage cDNA library (Kintner and Melton, 1987) . By screening the same library with this fragment, ten clones containing integrin 01~ specific inserts of different lengths were isolated. Judged from the sequence of the human 01~ subunit, the longest insert contained nearly the full length coding region of the Xenopus CY~ homologue except for the first 60 bp, which include the potential start codon. A 760-bp EcoRI fragment from the 5' region of this clone was used to rescreen the same library. Four more clones were isolated, two of which contained the missing 5 ' region. A 5159-bp cDNA sequence including a 3150 bp open reading frame was obtained from overlapping cDNA clones (see scheme Fig. 1 ). The deduced sequence defines a 1050 amino acid protein with a signal peptide, a long extracellular domain with four metal binding sites, a single transmembrane domain and a short cytoplasmic segment (Fig. 2) . The sequence of a recently published cDNA fragment of Xenopus integrin o5 (Whittaker and DeSimone, 1993) was found within the coding region. On the basis of its homology to vertebrate integrin o5 (see discussion), the reconstructed sequence will be termed Xa5. Two polyadenylation signals are located at positions 4405 bp and 5144 bp in the 3 '-untranslated region. One of the isolated integrin o5 cDNA fragments terminated with a polyA sequence beginning 17 bp after the first polyadenylation signal. Otherwise the rest of the sequence was identical to that of Xo5. Other cloned fragments of Xa5 that extended beyond this site did not exhibit a polyA sequence at this position, therefore, alternative polyadenylation is likely to be a feature of the Xa5 mRNA. This is further supported by Northern analysis where two transcripts of the expected size were detected (data not shown).
One partial cDNA encoding integrin o5 was found that differed from Xcr5 by 5% of the nucleotides in the coding region and showed no homology within the 3 Iuntranslated region. Two polyadenylation signals are present close to the polyadenylated 3 ' end. interestingly, the deduced amino acid sequence contains a truncated cytoplasmic domain with only six amino acids remaining instead of the 28 found in Xa5 (see scheme, Fig. 1 ; amino acid sequence, Fig. 2 ). We have therefore chosen the name Xar5tr for this variant integrin o5 subunit.
Analysis of integrin (Y~ mRNA during embryogenesis
The temporal expression of the two different cy5 mRNAs in developing embryos was studied by RNase protection analysis. A 385~nt 32P-labeled antisense RNA probe for the 3'-untranslated region (see Fig. 1 pies from the same preparations were also hybridized to an integrin 8, probe and, as expected, /3, mRNA levels remained constant throughout development (Fig. 3Bi Gawantka et al., 1992; Ransom et al., 1993) . We conclude that integrin (r5 mRNA, like integrin 8, mRNA, is maternally encoded and that any synthesis occurring after mid blastula transition (MBT) does not increase the amount of mRNA by a recognizable degree.
For the detection of the Xa5tr mRNA, a 41 I-nt 32P-labeled probe was synthesized containing a 345-nt antisense stretch that extends from the 3 '-untranslated region into the coding region. The sequences of Xa5 and Xa5tr overlap in the coding region but they differ in the 3 '-untranslated region. RNase protection analysis with this probe should therefore indicate the presence of Xa5tr mRNA by a protected fragment of 345 nt and the presence of XaS mRNA by a protected fragment of 170 nt. This expected pattern was in fact obtained with RNA from Xenopus kidney A6 cells, but not with RNA from embryos at any of the stages investigated (Fig. 3C) . In those samples, the probe indicated only the presence of Xars mRNA, again in constant amounts.
The Xa5tr mRNA was detectable, however, using . These probes were hybridized to total RNA isolated from five embryos of the indicated stages, or to IO pg of total RNA from the A6 cell lines (A). Control tRNA samples were included into each experiment without RNaseA (-) treatment to show the intact, undigested probe and with RNase treatment (+) to identify unprotected but incompletely digested probe fragments. RNA samples from the same preparations were also hybridized to a & probe. As it is known that this RNA is present in similar amounts in the embryos of the different stages (Gawantka et al.. 1992 ), this experiment serves as an internal control for the RNA preparations (B). The autoradiograms shown in (A) and (B) were exposed for 3 days and the autoradiogram shown in (C) for 30 days. Embryos were staged according to Nieuwkoop and Faber (1967) .
RT-PCR. To amplify the Xa$r fragment to detectable levels, 45 PCR cycles were required instead of the 30 cycles that were required for the corresponding XaS fragment (Fig. 4) 
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Xol$r mRNA occurs throughout embryogenesis but at levels far below those of XaS mRNA. Although Xag mRNA is present at roughly equivalent levels from egg through tadpole stages, transcripts could not be visualized by in situ hybridization until gastrulation. At these stages, XaS mRNAs were detected in the paraxial mesoderm and the presumptive neural crest ( Fig. 5A and B, arrowheads and arrow resp.). These tissues continue to express high levels of (Y~ mRNA through neurulation. Notably, no significant a5 expression is seen in the notochord. Staining of the presomitic mesoderm (arrowhead) and the head neural crest (arrow) is prominent by the midneurula stage ( Reorganization of the paraxial mesoderm during somite formation is apparent from the hybridization signal ( Fig. 51 ). Integrin a5 transcripts are localized the nuclei of the post-rotation somitic cells (arrowhead) whereas the pre-rotation paraxial mesoderm displays a more diffuse staining pattern (white arrowhead). As embryogenesis proceeds, staining decreases in an anterior to posterior wave (Fig. 5J ). In the tail region of stage 32 embryos, o5 transcripts remain localized in the trunk neural crest and the nuclei of somitic cells (Fig. 5K) . Control experiments were performed using riboprobes in sense orientation and these embryos lacked any detectable staining (data not shown).
Preparation and characterization of an integrin (~5 antipeptide antibody
A rabbit antiserum was raised against a 15 amino acid synthetic peptide from the extracellular domain of the integrin o5 subunit (see Fig. 1 ). Anti cr5 antibodies were affinity purified on a peptide column. Immunoprecipitations combined with western blotting procedures were used to assess the specificity of this antiserum. The Xenopus integrin 0, specific mAB 8C8 precipitates the precursor and the mature form of the integrin & subunit from stage 30 embryo extracts (Fig. 6 , lane A). Only the mature form of the & subunit is found in immunoprecipitates with the anti a5 antiserum (Fig. 6, lane B) . The anti o5 antibody detects a protein of M, 135 x lo3 in the a5 precipitates (Fig. 6 , lane C) and a protein of the same M, is also present in precipitates that were obtained with anti integrin Pi antibody (Fig. 6, lane D) . The apparent M, of vertebrate integrin o5 subunits depends strikingly on whether or not the protein has been exposed to reducing conditions. In vivo, a C-terminal fragment is cleaved from the ectodomain of the molecule during posttranslational processing but remains associated with the molecule via a disulfide bond. Under reducing conditions this fragment is released. This characteristic behavior of the cy5 subunit is also seen for the antigen of the anti o5 antibody. The M, shifts from 155 x lo3 for the non-reduced molecule to M, 135 x lo3 for its reduced form (Fig. 6, lanes D and E) .
These results confirm the specificity of the anti o5 antibody for 01~ integrin. The sequence of the peptide used as immunogen and as the affinity ligand in the antibody purification indicates that integrin OL subunits other than 1y5 are not recognized by the antibody. The peptide sequence is unique for a5 among the known integrin Q subunits. The identity of the antigen with the o5 subunit was further substantiated by its immune coprecipitation with the 0, subunit and by its characteristic shift in M, upon reduction.
Temporal and spatial expression pattern of the integrin cq during embryogenesis
Embryos of different stages were analyzed for the presence of integrin o5 and integrin p, by use of the immunoblotting technique. The integrin (11~ subunit is present at low abundance in eggs, whereafter the amount increases steadily up to stage 10 and then remains constant (Fig. 7A) . This time course of integrin 0~~ protein production parallels that of the integrin 8, subunit ( Fig.  7B ; see also Gawantka et al., 1992) .
To investigate the spatial distribution of the integrin a5 protein in embryos, whole mount immunostaining was performed. Throughout development, the anti o5 antiserum decorates embryonic plasma membranes. During the cleavage stages, integrin a5 is found on all newly formed plasma membranes inside the embryo, whereas the membranes at the embryonic surface, which derive from the egg plasma membrane, remain devoid of this protein (Fig. 8B-D) . This pattern persists throughout gastrulation ( Fig. 8E and F) . Notably, the plasma membrane domains lining the gastrocoel, which derive from the embryonic surface, continue to exhibit the typical apical/basolateral polarity of integrin ~5 expression (arrowheads in Fig. 8F ). After gastrulation, a more complex pattern of integrin o5 distribution evolves. At stage 20, the staining decreases selectively in the neural tube, in the notochord and in the outer layer of the ectoderm (Fig. 9A) , but continues to be present at the cell borders in other regions of the embryo. Staining along the emerging basal laminae becomes a prominent feature (arrowheads in Fig. 9A and B) , indicating a redistribution of integrin a5 towards these ECM structures. Neural crest cells on top of the neural tube and the cells of the sensorial layer of the ectoderm give a strong signal, whereas all endodermal cells are only weakly stained (Fig. 9A) . At stage 30, the integrin o5 protein is no longer detectable in the epithelial layer of the ectoderm, the notochord and the neural tube. Neural crest cells populating the dorsal fin are strongly stained. The 1~5 positive cells between the neural tube and the somites and between the somites and the ectoderm may represent migrating neural crest cells. The cell membranes in the somites are prominently stained, in particular, at the borders between the somites. The notochord remains unstained whereas all other mesodermal derivatives are positive for the o5 protein. Endodermal cell borders exhibit a moderate staining for the integrin (r5 (Fig. 9B) . No staining of membranes could be observed when the anti 0~~ antibodies were preabsorbed with the immunogenic peptide (Fig. 8A). 3. Discussion
Xenopus CY~ mRNA: properties and isoforms
Sequence analysis of the Xenopus integrin o5 mRNA (Xcus), which was constructed from several cDNA clones, supports the general view that vertebrate integrin (~5 subunits comprise a class of proteins highly conserved in evolution. The deduced amino acid sequence of Xars shares 58% identity with the sequence of mouse and 64% with the human integrin 01~ subunit (Agraves et al., 1987; Holers et al., 1989) . Most interesting is an additional variant (XczStr) that shows a truncation of the coding region at the Cterminus. This RNA is clearly derived from a different integrin (Y~ gene because slight nucleotide sequence divergence between Xa5 and XarStr (5%) was found throughout the coding region. Further, the 3'-untranslated region of XarStr is divergent from Xcr5. These two integrin a5 subunits may represent pseudoalleles, which are commonly found in Xenopus laevis due to the tetraploid nature of its genome. As a result of the mRNA truncation, the Xa5 protein has an intracellular domain of only six amino acids, as compared to the 28 amino acids of the intracellular domain of XOL~. Since the intracellular domain is known to be decisively involved in integrin (~5 function (O'Toole et al., 1994) , our finding supports the supposition that the two isoforms may have evolved different functions after the duplication of the genome, which is assumed to have occurred some 50 million years ago (Kobel and Du Pasquier, 1986) . Alternatively, the low abundance of Xa+,tr mRNA in the embryo, as compared to Xars, may argue that Xc@r merely represents a degenerated, non-functional molecule.
Occurrence of integrin cq mRNA and protein in the embryo and their possible relation to integrin function during embryogenesis
Neither the in situ hybridization nor the antibody techniques applied are suffkient to distinguish between the different forms of integrin o5 subunits that we have detected by molecular cloning. We assume that the signals obtained by these methods merely indicate the presence of Xcrs messenger and protein, respectively. The following discussion is based on this view.
RNase protection analysis reveals the presence of Xcrs integrin mRNA at constant levels prior to the mid blastula transition (MBT) and throughout early development, therefore, significant amounts of the mRNA are maternally deposited. The rise in integrin o5 protein during cleavage, detected by western blotting, indicates that this maternal mRNA is translated. By stage 10, the majority of the total integrin (~5 subunit has apparently been translated from this mRNA fraction. Labeling experiments with oocytes (Miiller et al., 1993) and pregastrula embryos (Gawantka et al., 1992) indicate the synthesis of a M, 155 x lo3 component that coimmunoprecipitates with integrin 0,. This component is likely to represent the o5 subunit. Because no other labeled (Y subunit was detected in these experiments, it is likely that Xa5 represents the major & associated 01 subunit that is synthesized in these early phases of development.
Integrin o5 pairs only with the & subunit to form the functional cy5/3, receptor (Hynes, 1992) . It has been shown that the processing of two corresponding integrin subunits in cultured cells is regulated in such a way that their mature forms are produced in equal amounts (Hurtley and Helenius, 1989) . Accordingly, the production of the mature forms of the integrin subunits o5 and 8, in the pregastrula embryo roughly parallel each other.
The presence of the c& receptor on the newly formed embryonic plasma membranes from the first cleavage onwards is inferred from immunostaining for the & integrin (Gawantka et al., 1992) and o5 integrin (this communication). Because o&i represents the most prominent fibronectin receptor, it is noteworthy that tibronectin has also been reported to occur along the cleavage membranes at these stages (Lee et al., 1984; Danker et al., 1993) . These observations would suggest that ligand-receptor interaction already exists in the embryo as soon as the cleavage membranes have formed. However, in vitro experiments contradict this view. Adhesion of isolated blastomeres onto a libronectin matrix is not seen before the midblastula transition (Winklbauer, 1988; 1990) , concomittant with an increased production of fibronectin. (Lee et al., 1984) . The adhesive potential of blastomeres is graded in a vegetal to animal direction in the pregastrula embryo. Cell spreading is observed in such experiments only at the onset of gastrulation, and it is a property of vegetal and prospective mesodermal cells (Winklbauer, 1988; 1990) . The simple exposure of integrin (~$3, on blastomere membranes is not sufficient for the blastomeres to adhere and spread on libronectin. Apparently, the cr@, l'ibronectin receptor requires activation by cytoplasmic signaling pathways. Such an activation could involve Ca2+, G proteins, phospholipases and protein kinases, which are implicated in the affinity modulation of CQ& in platelets (Shattil et al., 1992) .
With the onset of gastrulation, a complex network of fibronectin containing matrix fib& becomes established on the bastocoel roof (Lee et al., 1984) . This network acts as a substratum on which mesodermal cells migrate and it also contains cues that confer directionality to cell migration (Winklbauer and Nagel, 1991) . Clearly integrin 8, is involved in both fibril formation and mesodermal cell migration as both of these processes can be perturbed by several specific reagents, such as antibodies against integrin & or RGD-peptide (Boucaut et al., 1984; Darribbre et al., 1988 Darribbre et al., , 1990 Winklbauer and Nagel, 1991) . It is evident from our observations that these agents interfere with the function of the RGD dependent cus& fibronectin receptor.
Although integrin (Y~ mRNA is active in protein synthesis in the pregastrula embryo, its presence in these early stages is not revealed by in situ hybridization techniques. Possibly, an even distribution of the maternal mRNA throughout embryogenesis precludes its detection. Alternatively, difficulties in detecting mRNAs in early embryos have been reported (Frank and Harland, 1992) . During gastrulation, integrin a5 mRNA is detectable by in situ hybridization. The mRNA is visualized in the paraxial mesoderm and in the neural crest, whereas the adjacent notochord and the neural plate are not stained. Presumably, this procedure detects only the major sites of 015 mRNA synthesis that appear during gastrulation, even if this synthesis does not significantly affect the overall level of aIs mRNA in the embryo. In contrast to the in situ hybridization results, as protein is detected throughout embryogenesis by immunostaining. This observation emphasizes the importance of our aim to complement investigations on the expression of the gene product by studying both the RNA and the protein levels with different techniques.
In stage 20 neurula embryos, the patterns observed by antibody staining and in situ hybridization overlap only partially. Neither technique reveals the presence of XCLS in the notochord or neural tube while both of them reveal the presence of integrin cr5 in the paraxial mesoderm and the neural crest. It remains to be determined whether the failure to detect o5 mRNA with in situ hybridization techniques in the pronephros and lateral plate mesoderm, the sensorial layer of the ectoderm and in the endoderm, which are all positive for integrin CY~ protein, results from a low sensitivity of the in situ hybridization assay or, alternatively, from a prolonged presence of maternal ar5 protein in these locations. In the latter case, a different stability of the maternal product at the different locations has to be postulated.
The comparison of these patterns of integrin CY~ protein distribution with that of other integrin subunits reveals, as a general rule, that integrin CY~ is present only on those membranes that are also endowed with integrin PI, supporting the notion that integrin (Y~ requires 0, to become a functional membrane receptor (for the expression of integrin 81, see Gawantka et al., .1992 ; and of integrin Q! 3, see Gawantka et al., 1994) . Accordingly, integrins Q1 and ~5 disappear simultaneously from the outer layer of the epidermis. However, integrin & occurs at all other regions of the later embryo although some of these are devoid of integrin (Ye, Presumably the 8, is associated with an alternative CY subunit at these sites. Thus, in the mesoderm, where integrin & is ubiquitously present, staining patterns of integrin arg and (~3 are complementary; integrin a3 is present only in the notochord, whereas non-notochordal mesoderm is devoid of this (Y subunit. The reverse is true for the (~5 subunit. However, the plasma membranes of the sensorial layer of the ectoderm harbor both integrin cy5 and arg, whereas neither of them is prominent in the neural tube. The presence of other integrin (Y subunits may be postulated in the latter case. Integrin a6 presents itself as a possible candidate. After gastrulation, c+, mRNA is detected exclusively in the neural plate; later in development, it is found in discrete segments of the brain, the crania1 nerves and the neural tube (Lallier, Whittaker and DeSimone, unpublished observations) . A similar distribution of integrin cy subunits can be observed in the chicken embryo. The a6 protein is found in different regions of the nervous system (Bronner-Fraser, 1992) , whereas the (1~~ subunit is absent from those regions but prominent in most other parts of the embryo (Muschler and Horwitz, 1991) . The high level of (Y~ mRNA in the neural crest that is seen already at midgastrula stages implies a role of the cr5& in neural crest migration. The ubiquitous presence of fibronectin, the ligand of or& on the neural crest cell migration routes supports this view (Krotoski and Bronner Fraser, 1990; Joos and Hausen, unpublished) .
In general terms, the expression of Q! subunits in the embryo appears to be regulated in a complex fashion and the transition from one particular configuration of integrin subunit expression to another is, apparently, not abrupt but seems gradual. Maternal integrin a5 protein may persist for prolonged times in the embryo and the regions that express integrin cy5 mRNA in the gastrula and neurula stages accumulate the 0~5 protein only after neurulation. Changes in integrin expression are likely to mirror changes in ECM components whose composition in the embryo becomes increasingly complex. Experiments in which the function of integrins is perturbed by different agents have to be performed to define the roles of these receptors in different developmental processes. Such experiments have been reported in amphibian and avian systems (Boucaut et al., 1984; Dar&&e et al., 1988 Dar&&e et al., , 1990 Bronner-Fraser, 1985; Drake et al., 1992) , but most of them have been targeted at integrin 8, and therefore do not reveal the identity of the receptor under study. With increasing knowledge of the appearance and distribution of the various Q subunits, these will become the focus of further experiments to elucidate their specific functions in embryogenesis.
Experimental procedures
Embryos
Adult Xenopus luevis were purchased from the African Xenopus Facility C.C. (South Africa). Adult albino Xenopus laevis were obtained from Xenopus 1 (Ann Arbor, MI). Embryos were obtained and raised in l/l0 MBSH as described by Fey and Hausen (1990) and staged according to Nieuwkoop and Faber (1967) .
PCR amplification of an integrin (Y~ cDNA fragment
DNA template was purified from a Xenopus XgtlO (stage 17) cDNA library using a Qiagen Kit (Diagen). A first round of PCR was performed with 1 pg template DNA, 100 ng of a gene specific primer [reverse: 5'-GG(T/G)I(C/I)(CII)CG(T/C)TT(G/A)AA(A/G)AAICC-3 '1 and a h-arm specific primer [forward: 5 '-AGCA-AGTTCAGCCTGGTTAAGTC-3 'I, 1 unit of Amplitaq (Cetus-Perkin-Elmer), 10 mM Tris-HCl (pH 8.2), 50 mM KCl, 2.5 mM MgCl, 0.1% (w/v) gelatin and 2.5 mM dNTPs under the following conditions: 94°C 1 min, 5O"C, 1 min, 72°C 3.5 min, 30 cycles followed by a final extension step of 10 min at 72°C. A 50th of each reaction was amplified in a second round of PCR using a nested gene specific primer with an XbaI site engineered into the 5 ' end [5 '-CCCCTCTAGAAICC(A/G)-AICTTGTA(C/G)A-3 '1 and the same X-arm specific primer under the same conditions. The amplified cDNA was digested with the restriction endonucleases XbaI and EcoRI and subcloned into pBluescript SK+ (Stratagene). Cloned amplification products were characterized by DNA sequencing from the genespecific primer site with an A.L.F. Sequencer (Pharmacia).
Isolation and characterization of cDNA clones
Using the 32P-labeled PCR fragment, lo6 pfu of a stage 17 XgtlO cDNA library (Kintner and Melton, 1987) were screened under high stringency (5 x SSC, 50% formamide, 0.5% SDS, 5 x Denhardts, 0.1 mg/ml calf thymus DNA) at 42°C overnight, followed by washing in 0.1 x SSC, 0.1% SDS. The 5 ' end of the cDNA was obtained in a subsequent rescreen using the 5' EcoRI fragment of a near full length clone isolated in the initial screen. Isolated phage inserts were cloned into pBluescript Sk+ (Stratagene). Sequencing was performed with an A.L.F. Sequencer (Pharmacia) either from restriction site generated subclones using primers supplied by the manufacturer or with gene specific primers synthesized on a Pharmacia Gene Assembler. Sequence analysis was performed with the GCG software package (Devereux et al., 1984) .
mRNA analysis
[a-32P]rUTP-labeled antisense RNA probes were synthesized in vitro from pXa5(856-3467) linearized with NcoI and from p&*(156-1976) linearized with PstI using T7 RNA polymerase and from pXaStr (l-2226) linearized with AlwNI using T3 RNA polymerase (Stratagene) according to the manufacturer's protocol. Total RNA from embryos was isolated as described in Ellinger-Ziegelbauer and Dreyer (1993), total RNA was extracted from the A6 cell line using the method of Chirgwin et al. (1979) . RNase protection assays were performed by the method of Krieg and Melton (1987) except that only RNase A at 20 pg/ml was used. Five embryo equivalents of total RNA or 10 rg of A6 total RNA were hybridized to 10 000 counts/min of purified probe per assay. The size of the protected fragments were estimated from a DNA sequence ladder.
Reverse transcribed mRNA from different stages was generously provided by H. Ellinger-Ziegelbauer. PCR was performed with gene specific primers (XaS/Xo$r forward primer: 5 ' -AAGTGAGACGGTGCACTTGG-3 ' ; XaS reverse primer: 5 '-CTGGGGCTTGAGCTC-AGC-3 '; Xol$r reverse primer: 5 'CTGGGAACCCC-CATTCTGG-3 ') under the following conditions: 94°C 1 min, 56"C, 1 min, 72°C 1 min 10 s, 30 cycles for Xa5/45 cycles for XaStr followed by a final extension step of 10 min at 72°C. The amplified PCR products were analyzed by agarose gel electrophoresis.
Whole mount in situ hybridization
Non-radioactive whole mount in situ hybridization was performed as described in Frank and Harland (1992) . Digoxygenin-rUTP labeled (Boehringer Mannheim Biochemical) antisense riboprobes were synthesized in vitro following linearization of the subclone pXas(875-2667) with PstI and transcription with T7 RNA Polymerase (Promega). Albino embryos were photographed using a Zeiss Axiophot and the color transparencies digitized. Image processing was performed using Adobe Photoshop.
Polyclonal anti CY~ antibodies
A 15 amino acid oligopeptide (NH2-PPTLNPLTV-HHVERR-COOH) corresponding to the predicted Cterminus of the large extracellular fragment was synthesized on a multiple peptide synthesizer (SMPS 350, Zinsser Analytic). For immunization of a rabbit Nterminal lipophilisation was carried out by an additional coupling Step using Pam,Cys-OH (N-palmitoyl-S-[2,3-bis(palmitoyloxy)-(2RS)-propyl]-(R)-cystein) (Deres et al., 1987). A rabbit was injected at multiple subcu-taneous and intramuscular sites with 0.5 mg peptide emulsified in Freund's complete adjuvant. Two additional boosts were performed with incomplete Freund's adjuvant at four week intervals. Sera were collected weekly after the second booster until the titer decreased. Affinity purified antibodies were obtained by passing 5 ml of the serum, diluted in 10 ml PBS, through a MiniLeakTM (Ken-Em-Tee) column coupled with the immunogenic peptide. The antibodies were eluted with 0.1 M glycine (pH 3) and neutralized with 1 M Tris-HCl (pH 7.6).
Preparation of extracts from embryos
Embryos of different stages were sonicated at 4°C in lysis buffer (2%NP-40, 120 mM NaCl, 1 mM CaClz, I mM MgC&, 50 mM Tris-HCL pH 7.4, 2 FM pepstatin, 2 PM leupeptin, 2 mM phenylmethylsulfonylfluoride, 2 PM aprotinin, 1 mM iodacetamide; 1 mM N-ethylmaleimide). 7.5 ~1 of lysis buffer per embryo was used for immunoblotting of total embryo extracts, 20 ~1 of lysis buffer per embryo for immunoprecipitation experiments. Yolk was sedimented by centrifugation (1 min at 14 000 rev./min ). Lipids were removed from the supernatant by extraction with an equal amount of 1,1,2 trichlorotrifluoroethane and centrifuged as before. Extracts were immediately heated in sample buffer (Laemmli, 1970) without P-mercaptoethanol to 70°C (non-reduced samples) or to 95°C in sample buffer with l/50 Vol. p-mercaptoethanol (reduced samples).
Immunochemistry
SDS-PAGE (Laemmli, 1970) and immunoblotting were performed exactly as described by Gawantka et al. (1992) ; 5 mg of mAB 8C8 (Gawantka et al., 1992) or anti o5 antibodies were coupled to 0.5 ml Minileak agarose material according to the manufacturer's protocol. Lysates (1 ml lysis buffer, 50 embryos) for immunoprecipitations were precleared by centrifugation (1 h, 25 000 rev./min, TL 100 ultracentrifuge, TLA 100.2 rotor) and incubated for 2 h at 4°C with 25 ~1 coupled beads. Beads were washed three times with lysis buffer and bound proteins were eluted with SDS-sample buffer and processed for immunoblotting.
lmmunohistology
Embryos of different stages were fixed in 20% dimethylsulfoxide in methanol overnight at -20°C (Dent et al., 1989) . The specimens were rehydrated in PBS and blocked for one hour in 20% normal donkey serum (Sigma) in PBS, followed by an overnight incubation at room temperature with the anti CY~ antiserum (5 pg/ml). The samples were washed in PBS the following day with several changes of buffer. Cy3conjugated goat-antirabbit IgG and Cy3-conjugated donkey-anti-goat F(ab)* (Dianova) were used as secondary and tertiary antibodies, respectively. After the final wash, embryos were fixed in 3.7% formaldehyde in PBS for 1 h and subsequently washed twice with PBS and twice with water. After dehydration with 3,2 dimethoxypropane (2 x 3 h) the specimens were embedded in glycolmethacrylate (Technovit 7100, Kulzer, FRG). Immunofluorescence was detected with a Zeiss Axioplan microscope equipped with epifluorescence optics.
